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T he  propert ies  o f  solid 0 : are s tudied by m ean s  o f  an integrated la t t ice -dynam ics-sp in -wave  approach 
which uses the r a n d o m -p h ase  approximat ion .  This approach is based on a H am il ton ian  f rom first princi­
ples, which includes the s t ructural  dependence  o f  the spin coupling parameters .  The  calculated m a g n o n  and 
libron frequencies  in a  oxygen are in satisfactory a g ree m en t  with ex pe r im en t  and the anom alous ly  large li- 
bron splitting at the /3-a phase transit ion is explained.
Sol id 0 2 is pa r t i cu la r ly  i n t e r e s t i n g  b e c a u s e  the  0 2 m o l e ­
c u l e s  p o s s e s s  an  e x t r a  d e g r e e  o f  f r e e d o m ,  the  o r i e n t a t i o n s  
o f  t h e i r  t r iplet  e l e c t r o n  sp ins ,  in a d d i t i o n  to the  pos i t iona l  
a n d  o r i e n t a t i o n a l  c o o r d i n a t e s  w h i c h  c h a r a c t e r i z e  the  m o r e  
c o m m o n  c l o se d - s h e l l  m o l e c u l e s .  In t he  c o n d e n s e d  p h a s e s  
t he  m o l e c u l a r  sp in  o r i e n t a t i o n s  a re  c o u p l e d  by sp in-  
d e p e n d e n t  t e r m s  in t he  i n t e r m o l e c u l a r  po ten t i a l .  E x t r a  co l ­
lec t ive  e x c i t a t i o n s  ( m a g n o n s )  o c c u r  in c o m b i n a t i o n  wi th  the  
p h o n o n s  a n d  l i b rons ,  a n d  the  v a r i o u s  p h a s e s  o f  sol id 0 2 
s h o w  m a g n e t i c  as well  as s t r u c t u r a l  o r d e r .  In the  a  a n d  [3 
p h a s e s ,  w h ic h  h a v e  b e e n  s t u d i e d  m o s t  e x t e n s i v e l y , 1-10 the  
m o l e c u l e s  a re  p a c k e d  in layers  wi th  the i r  a x e s  p e r p e n d i c u l a r  
to t h e  layer  p l a n e s  ( t h e  a -b p l a n e s ,  s ee  Fig. 2 o f  Ref .  
1). In t he  [3 p h a s e  the  s t r u c t u r e  o f  t h e s e  layers  is h e x a g o ­
nal ;  in t h e  m o n o c l i n i c  a  p h a s e  the  h e x a g o n s  are  s l ight ly d i s ­
to r t e d .  T h e  d i s t o r t e d  s t r u c t u r e  is s t ab i l i zed  by the  a n t i f e r ­
r o m a g n e t i c  e x c h a n g e  coup l ing .  T h e  a  p h a s e  is a two-  
s u b l a t t i c e  co l l inea r  a n t i f e r r o m a g n e t ,  wi th  the  s p i n s  p r e f e r e n ­
tially a l i gn ed  in the  ± b  d i r e c t ions .  T h e  ¡3 p h a s e  p r oba b ly  
h as  s h o r t - r a n g e  a n t i f e r r o m a g n e t i c  o r d e r ,  wi th  a t h r e e -  
s u b l a t t i c e  120° spin  a r r a n g e m e n t .
A l t h o u g h  it h as  b e e n  c o n c l u d e d 3,8 f r o m  the  o c c u r r e n c e  o f  
t he  so -ca l l ed  m a g n e t o e l a s t i c  /3-a  p h a s e  t r a ns i t i on  tha t  the  
m a g n e t i c  c o u p l i n g  a n d  the  s t r u c t u r e  a r e  r e l a t ed ,  t he  lat t ice 
v i b r a t i o n s  in sol id 0 2 a n d  its m a g n e t i c  e x c i t a t i o n s  h a v e  a l ­
ways  b e e n  t r e a t e d  sepa ra t e ly .  L a t t i c e - d y n a m i c s  c a l c u l a ­
t i o n s 8,11 o n  a -  a n d  / ^ -oxygen  h a v e  u s e d  the  s t a n d a r d  h a r ­
m o n i c  m o d e l  w'ith a s p i n - i n d e p e n d e n t  em pi r i ca l  a t o m - a t o m  
po ten t i a l .  T h e  f i t t ing o f  the  p a r a m e t e r s  in this  po ten t i a l  
g a v e ,  in g e n e r a l ,  r e a s o n a b l e  a g r e e m e n t  wi th  the  e x p e r i m e n ­
tal l ib ron  f r e q u e n c i e s .  O n e  i m p o r t a n t  o b s e r v a t i o n  c ou ld  no t  
be e x p l a i n e d ,  t h o u g h .  In the  h e x a g o n a l  p h a s e  o n e  f i nds  a 
d e g e n e r a t e  q =  0 l ib ron  m o d e  o f  Eg s y m m e t r y  wi th a f r e ­
q u e n c y  o f  a b o u t  48 c m " 1; in t he  a  p h a s e  this  m o d e  spl i ts  
i n to  an  Ag-Bg d o u b l e t .  T h e  s t r u c t u r a l  d i s t o r t i o n  wh ich  
m a r k s  the  [3-a p h a s e  t r an s i t i on  is no t  ve ry  large,  h o w e v e r ,  
a n d  so  o n e  w o u l d  e x p e c t  a sma l l  spl i t t ing.  I n d e e d ,  t he  la t ­
t ice d y n a m i c s  ca l c u l a t i o n s  h a v e  y i e lded  a sp l i t t ing  o f  at  m o s t  
10 c m - 1 . T h e  e x p e r i m e n t a l  R a m a n  s p e c t u m  o f  a - o x y g e n  
s h o w s  two  p ea k s ,  at 43 a n d  74 c m - 1 . T h i s  sp l i t t ing  is so 
large tha t  m o s t  a u t h o r s  h a v e  a s s u m e d ,  t h e r e f o r e ,  tha t  the  
A B-Be d o u b l e t  r e m a i n s  ve ry  nea r ly  d e g e n e r a t e  at  43 c m - 1 ,
c m  1 wi th  the  A g m o d e .  S u c h  an  a n o m a l o u s l y  large l ibrong
a n d  th e y  h a v e  a s s i g n e d  the  p e a k  at 74 c m -1 to a two-  
p h o n o n ,  t w o - l i b r o n ,  or  l i b r o n - m a g n o n  t r a ns i t i o n .  R e c e n t  
e x p e r i m e n t s 10 ind ica t e ,  h o w e v e r ,  t h a t  t he  peak  at 43 c m -1 
p r o b a b l y  c o r r e s p o n d s  wi th  the  Bg m o d e ,  a n d  the  peak  at 74
sp l i t t ing  cou l d  no t  be e x p l a i n e d  so  far.
T h e  m a g n e t i c  e x c i t a t i o n s  o f  a - o x y g e n  h a v e  b e e n  i n t e r p r e t ­
e d 1' 7 up  to n o w  o n  the  bas is  o f  t he  fo l lowing  p h e n o m e n o ­
logical sp in  H a m i l t o n i a n :
^spm -  2  2 7 (/S (  / ) • s o ) +  X  t A S ? (  i ) +  BSy2{ i ) 1 
K J  i
(1)
T h e  H e i s e n b e r g  e x c h a n g e  t e r m ,  wi th  J y <  0  for  n e a r e s t  
n e i g h b o r s ,  is i so t rop ic  in t he  sp in ;  t he  o t h e r  two t e r m s  h a v e  
b e e n  a d d e d  in o r d e r  to o b t a i n  t h e  e x p e r i m e n t a l l y  o b s e r v e d  
sp in  a n i s o t r o p y .  T h e  s i ng le -pa r t i c l e  t e r m  A S f ( i )  k e e p s  the  
sp in  m o m e n t a  p e r p e n d i c u l a r  to the  m o l e c u l a r  a x e s  (i .e. ,  to 
t he  x  ax i s ) ;  it is p r o b a b l y  d u e  to t he  i n t r a m o l e c u l a r  sp in-  
o rb i t  a n d  s p i n - s p i n  i n t e r a c t i o n s .  T h e  t e r m  BS^i i )  i m p o s e s  
the  a -b p lane  a n i s o t r o p y ,  w h ic h  fo r ces  the  s p i n s  in the  ± b  
(i .e. ,  ± r )  d i r e c t i o n s ;  this  t e r m  p r o b a b l y  r e p r e s e n t s  the  
m a g n e t i c  d i p o l e - d i p o l e  i n t e r a c t i o n s  b e t w e e n  the  m o l e c u l a r  
sp in  m o m e n t a .  U s i n g  this  p h e n o m e n o l o g i c a l  sp in  H a m i l ­
t o n i a n  o n e  has  m a d e  m e a n - f i e l d  a n d  s p i n - w a v e  c a l c u l a t i o n s  
w h i c h  yield the  m a g n e t i c ,  op t ica l ,  a n d  t h e r m o d y n a m i c  p r o p ­
e r t i e s  o f  a - 0 2. C o m p a r i s o n  o f  t he  r e s u l t s  wi th e x p e r i m e n t a l  
da t a  l eads  to e m p i r i c a l  v a l u e s  o f  t h e  c o u p l i n g  c o n s t a n t s  J , A , 
a n d  B. T h e  s i t u a t i o n  is u n s a t i s f a c t o r y ,  h o w e v e r ,  in tha t  
v a r i o u s  s t u d i e s  yield very  d i f f e r e n t  s e t s  o f  c o u p l i n g  c o n ­
s t a n t s  (v a ry in g  typical ly by f a c to r s  up  to 10),  d e p e n d i n g  on  
the  m o d e l s  u s e d  a n d  the  e x p e r i m e n t a l  da t a  f i t ted.  T h i s  
d i s c r e p a n c y  has  m o s t  clear ly b e e n  i l l us t ra t ed  in De  F o t i s ’s 
1981 r e v i e w , 1 b u t  la ter  s t u d i e s  still s h o w  a s u b s t a n t i a l  
s c a t t e r i n g  in the  em p i r i c a l  J , / i ,  a n d  B v a l u e s . 2-'
In this  Rap id  C o m m u n i c a t i o n ,  we p r e s e n t  a n e w  i n t e g r a t ­
ed  l a t t i c e - d y n a m i c s - s p i n - w a v e  a p p r o a c h .  T h i s  a p p r o a c h  is 
b a s e d  o n  a H a m i l t o n i a n  f r o m  first  p r inc ip les ,  w h ic h  is 
d i rec t ly  r e l a t ed  to t h e  p r o p e r t i e s  o f  the  in d i v idua l  0 2 
m o l e c u l e s  a n d  the i r  i n t e r a c t i o n s .  S u c h  a H a m i l t o n i a n ,  
w h ic h  app l i es  no t  on ly  to a - o x y g e n ,  bu t  to all t he  c o n d e n s e d  
p h a s e s ,  is w r i t t e n  as fol lows:
H  =  H 0 +  H spin • (2a)
V2(/) + 44z.2(i,)
2 M 21
+ V  K (R y , f (, fj) ,
i < J
(2b)
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K J  i
1 1 2
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¡ < J
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E q u a t i o n  (2b)  d e n o t e s  the  u s u a l  s p i n - i n d e p e n d e n t  H a m i l ­
t o n i a n ,  w h ic h  g o v e r n s  the  lat t ice v i b r a t i o n s  for  c l o se d - s h e l l  
m o l e c u l e s .  It c o n t a i n s  t he  t r a n s l a t i o n a l  a n d  r o t a t io na l  k i n e t ­
ic e n e r g y  t e r m s ,  wi th  M  b e i ng  the  0 2 m a s s  a n d  /  its m o ­
m e n t  o f  ine r t i a ,  a n d  the  p o t e n t i a l  V\ d e p e n d i n g  on  the  d i s ­
t a n c e  v e c t o r s  R,y a n d  the  o r i e n t a t i o n s  r, a n d  r ; o f  the  
m o l e c u l e s  in t h e  crystal .  E q u a t i o n  (2c)  d e s c r i b e s  the  c o u ­
pl ing b e t w e e n  t h e  0 2 t r iplet  sp in  m o m e n t a ;  t h e  s t r u c t u r e  
d e p e n d e n c e  o f  t he  c o u p l i n g  p a r a m e t e r s  is i n c l u d e d  expl ici t ly.  
( W e  f ind  it c o n v e n i e n t  to e x p r e s s  this  d e p e n d e n c e  in s p h e r i ­
cal t e n s o r  f o r m , 12 wi th  the  la rger  b r a c k e t s  d e n o t i n g  a 3 -j 
c o e f f i c i e n t ,  a n d  to u se  the  s u m m a t i o n  c o n v e n t i o n  for  m  a n d  
m  . )  T h e  g e o m e t r y  d e p e n d e n c e  o f  t h e  H e i s e n b e r g  e x ­
c h a n g e  p a r a m e t e r  J  is k n o w n ,  ana ly t ica l ly ,  f r o m  ab initio ca l ­
c u l a t i o n s  o n  the  ( 0 2) 2 d i m e r . 13,14 T h e  “ m o l e c u l a r "  sp in-  
a n i s o t r o p y  t e r m  d e p e n d s  o n  t h e  an g l e  b e t w e e n  the  spin 
d i r e c t i o n  S ( / )  a n d  t h e  o r i e n t a t i o n  r, o f  t he  m o l e c u l a r  axis;  
this  d e p e n d e n c e  is co r r ec t ly  d e s c r i b e d  by the  s e c o n d - r a n k  
t e n s o r  A m(r)  =  j A V 3 0 C j , 2)( r ),  wi th  the  R a c a h  spher ica l
h a r m o n i c  Cj ,n . F o r  A we t ake  the  f r e e - m o l e c u l e  va lue  
A = 5 . 7 2  K. Especia l ly  for  t h e  th i rd  t e r m ,  the  c h a n g e  
b e t w e e n  the  p h e n o m e n o l o g i c a l  sp in  H a m i l t o n i a n  (1) a n d  
Eq.  (2c)  is dras t ic .  T h e  ad hoc s i ng le -p a r t i c l e  t e r m  B S ;  tha t  
i m p o s e s  t h e  o b s e r v e d  spin d i r e c t i o n  is r ep l aced  by a two- 
b o d y  o p e r a t o r  w h i c h  r e p r e s e n t s  exac t ly  the  d i p o le -d ip o le  i n ­
t e r a c t i o n s  b e t w e e n  the  m a g n e t i c  m o m e n t a  a n d  
^ e M f l S ( y ) ,  wi th  £<, =  2 .0023 ,  a n d  /jlb b e i ng  the  B o h r  m a g n e ­
ton .  T h e  d i p o l e - d ip o l e  i n t e r a c t i o n  t e n s o r  is g iv e n  by
r m( R ) - - ¿ V 3 0 - 3 Cj,2’ ( R ) .
W h e n  s u m m i n g  this  i n t e r a c t i o n  o v e r  the  lat t ice,  in the  ca l ­
c u l a t i o n s  d e s c r i b e d  be lo w,  we i n v o k e  t h e  Ewald  m e t h o d . 15
W i t h  this  n e w  H a m i l t o n i a n  (2)  we  h a v e  p e r f o r m e d  c o m ­
b i n e d  lat t ice d y n a m i c s  a n d  s p i n - w a v e  ca l cu la t ions .  T h e  f o r ­
m a l i s m  u s e d  is the  r a n d o m - p h a s e  a p p r o x i m a t i o n  ( R P A ) ,  
w h i c h  h as  b e e n  app l i ed  to sp in  w a v e s  long  a g o . 16 T h e  
m e t h o d  has  b e e n  e x t e n d e d  to l i b ro n s  a n d  p h o n o n s ,  u s ing  
b a s e s  o f  sphe r i ca l  h a r m o n i c s  a n d  t h r e e - d i m e n s i o n a l  ( 3 D )  
h a r m o n i c  osc i l l a tor  f u n c t i o n s ,  r e sp e c t i v e ly ,  a n d  it has  b e e n  
d e m o n s t r a t e d  on  sol id N 2 th a t  l a r g e - a m p l i t u d e  l ib rons ,  
a n h a r m o n i c  p h o n o n s ,  a n d  the i r  c o u p l i n g  a re  very  well 
d e s c r i b e d . 17 F o r  s t u d y i n g  sol id 0 2 we h a v e  f u r t h e r  e x t e n d e d  
this  f o r m a l i s m  in o r d e r  to t rea t  m a g n o n s ,  l i b rons ,  a n d  p h o ­
n o n s  s i m u l t a n e o u s l y .  T h e  c o u p l i n g  t e r m s  i n c lu d ed  cons i s t  
o f  all o p e r a t o r s  w h ich  are  b i l i nea r  in t he  m a g n o n ,  l ib ron ,  
a n d  p h o n o n  c r e a t i o n  a n d / o r  a n n i h i l a t i o n  o p e r a t o r s .  F o r  the  
s ingle  m a g n o n  e x c i t a t i o n s  s u c h  t e r m s  a re  a b s e n t ,  h o w e v e r ,  
a n d  t h u s  the  m a i n  role o f  t he  c o m b i n e d  f o r m a l i s m  is to 
co r r ec t ly  a v e r a g e  ( “ r e n o r m a l i z e " )  t he  s p i n - i n t e r a c t i o n  
p a r a m e t e r s  o v e r  t he  lat t ice v i b r a t i o n s  a n d ,  vice v e r s a ,  to 
a v e r a g e  the  e f f e c t i v e  i n t e r m o l e c u l a r  po ten t i a l  for  the  lat t ice 
d y n a m i c s  o v e r  t he  spin.  F o r  t he  s p i n - i n d e p e n d e n t  po ten t i a l  
V ( R UtTi .Tj),  we h a v e  t a k e n  the  ana ly t i c  f o r m  o f  the  
a n i s o t r o p i c - e x c h a n g e  r e p u l s i o n  a n d  the  e l ec t ros t a t i c -  
m u l t i p o l e  i n t e r a c t i o n s  f r o m  the  ab initio c a l c u l a t i o n s , 14 whi le
(2c)
the  a t t r a c t i v e  d i s p e r s i o n  i n t e r a c t i o n s  h a v e  b e e n  c h o s e n  to 
a p p r o x i m a t e  the  Eg l ib ron  f r e q u e n c y  in /3-0 2. T h e  m a g n e t i c  
da t a  p r e s e n t e d  be low  a n d  the  l ib ron  sp l i t t ing  in « - 0 2 a re  no t  
at all s e n s i t i v e  to this  choice .  D e t a i l s  will a p p e a r  in a f o r t h ­
c o m i n g  p a p e r . 18
T h e  r e su l t s  for  t he  opt ical  m a g n o n  f r e q u e n c i e s  in c*-02 
a re  l i s ted in T a b l e  I. T h e  e f f ec t i v e  n e a r e s t - n e i g h b o r  ( N N )  
e x c h a n g e  i n t e r a c t i o n  e q u a l s  < ^ n n )  =  -  10.3 K, wh ich  c o r r e ­
s p o n d s  wi th  an  in c r ease  by 5 .5% d u e  to the  a v e r a g i n g  o v e r  
t he  t r a n s l a t i o n a l  v i b r a t i o n s  a n d  a d e c r e a s e  by 23% d u e  to 
t he  l i b ra t ions ,  wi th  r e spe c t  to t he  v a l u e  J NN =  -  1 2 .5o K ca l ­
c u l a t e d 13 for  f ixed  n e a r e s t  n e i g h b o r s  at  / ? NN =  3 .20  A. T h e  
r o o t - m e a n - s q u a r e  a m p l i t u d e  o f  l ib ra t ion ,  at  T  =  0 K, is 11°. 
T h e  m o l e c u l a r  a n i s o t r o p y  a l o n g  the  . vax i s  is r e d u c e d  to 94% 
o f  t h e  f r e e - m o l e c u l e  A v a l u e  by a v e r a g i n g  o v e r  t he  l ib ra ­
t i ons ,  whi le  t he  c o m p o n e n t s  a l o n g  the  y  a n d  z a x e s ,  w h ic h  
a l so  r esu l t  f r o m  this  a v e r a g i n g ,  a r e  s m a l l e r  t h a n  1%. W e  
h a v e  c h e c k e d ,  in pa r t i cu la r ,  the  e f f ec t  o f  r ep l ac ing  the  t e r m  
in the  p h e n o m e n o l o g i c a l  sp in  H a m i l t o n i a n  (1) by the  
expl ic i t  f o r m  o f  the  d i p o l e - d i p o l e  i n t e ra c t i o n  o p e r a t o r  in Eq. 
(2c) .  T h i s  s u b s t a n t i a l  e f fec t  is v i s ib le  in t he  lower  m a g n o n  
f r e q u e n c y  o f  T a b l e  I, w h ic h  is a p p r o x i m a t e l y  p r o p o r t i o n a l  to 
J l B . T h e  h i g h e r  f r e q u e n c y ,  w h i c h  is p r o p o r t i o n a l  to \fJA y
B S}
r e m a i n s  nea r ly  u n a f f e c t e d .  T h e  s e c o n d  c o l u m n  o f  T a b l e  I 
h as  b e e n  o b t a i n e d  by m a k i n g  the  s p i n - w a v e  ca l c u l a t i o n s  for  
t he  p h e n o m e n o l o g i c a l  H a m i l t o n i a n  wi th  J  a n d  A t a k e n  as 
t he  a v e r a g e  v a l u e s  f r o m  the  first  p r inc ip les  ca l cu la t ion  a n d  
#  =  0 .26  K f i t ted to t he  sp in  a n i s o t r o p y  in a classical  d ipo le  
m o d e l .
W e  h a v e  also c o n s i d e r e d  o t h e r  k n o w n  m a g n e t i c  p r o p e r ­
t i e s 1^  o f  « - o x y g e n  by i n t r o d u c i n g  an  e x t e r n a l  m a g n e t i c  field 
in to  o u r  ca l cu la t ions .  T h e  m e a n - f i e l d  v a l u e s  ca l cu l a t ed  for  
t he  m a g n e t i c  suscep t ib i l i ty ,  b o t h  paral lel  a n d  p e r p e n d i c u l a r  
to the  p r e f e r r e d  m a g n e t i c  b axis ,  t u r n  o u t  to be c o n s i d e r a b l y  
too  high.  In view o f  o u r  fairly sma l l  J  v a lues ,  c o m p a r e d  
wi th  s o m e  r e c e n t  empi r i ca l  d a t a . 2,4,5 this  is no t  su rp r i s ing .  
O n  the  o t h e r  h a n d ,  the  ca l cu l a t e d  v a l u e  for  the  s p in - f l o p  
field (6.7 T)  a g r e e s  well  wi th  e x p e r i m e n t s 5 a n d  a l so  the  
N e e l  t e m p e r a t u r e  r v =  42 K o b t a i n e d  f r o m  the  ca l cu la t ed  
paral lel  a n d  p e r p e n d i c u l a r  suscep t ib i l i ty  v e r s u s  t e m p e r a t u r e  
c u r v e s  is fairly real ist ic.  T h e  r e m a i n i n g  d i s c r e p a n c i e s  m a y  
be d u e  to d i s t o r t i o n s  o f  the  f r e e - m o l e c u l a r  c h a r g e  d i s t r i b u ­
t ions  in the  sol id ,  to the  in acc u r ac i e s  in t h e  m e a n - f i e l d  a n d  
s p i n - w a v e  m o d e l s ,  o r  to the  i m p o r t a n c e  o f  h i g h e r - t h a n -  
b i l inear  m a g n o n / p h o n o n  or  m a g n o n / l i b r o n  coup l ing .
T A B L E  I. Optical (q =  0)  m agn o n  frequencies in a - 0 2.
Calculated
First F ro m  Eq. (1), Exper im en t
principles B = 0.26 K (Ref. 1)
oj ( c m - 1 ) 6.3 4.2 6.4
20.9 20.7 27.5
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T A B L E  II. Optical (q = 0) l ibron frequencies.
oj (cm 1 )
First-principles calculation
( T  = 0 K)
Putt ing Including
J = 0 y ( R /y, f / f ry )
E xpe r im en t  
(Ref.  10)
a -0 2
, ^g
38.9
50.7
39.9
72.2
42.6 /42 .0  J 
74.2/72.0  J
( r  = 13/20 K)
ß - 0 2 42.9 53.6 48.0 /42 .0 ( T = 25/40 K)
T h e  large sp l i t t ing  o f  t he  A g-Bg l i b ron  f r e q u e n c i e s  in c*-02 
a p p e a r s  to h a v e  t h e  fo l lowing  e x p l a n a t i o n .  T h e  s t r u c t u r a l  
c h a n g e  f r o m  (3-0 2 to a - 0 2 is sm a l l  i n d e e d .  T h e  m a g n e t i c  
o r d e r  in t h e s e  p h a s e s  is ve ry  d i f f e r e n t ,  h o w e v e r ,  w h ic h  
y ie lds  a s t r o n g  d i s c o n t i n u i t y  o f  t h e  q u a n t i t y  ( S ( /') • S ( y ))  at 
t h e  p h a s e  t r a n s i t i o n .  F o r  (3-0 2 we h a v e  f o u n d  the  120° spin  
a r r a n g e m e n t  wi th  ( S (  / )  • S ( j ) )  =  -  0 .5 ,  for  c*-02 t h e  o r d e r  
is a n t i f e r r o m a g n e t i c  wi th  ( S ( /') • S ( j ) )  =  — 1, for  n e a r e s t  
n e i g h b o r s .  If  we s u b s t i t u t e  t h e s e  v a l u e s  in to  the  e f f e c t i v e  
H a m i l t o n i a n  for  t h e  lat t ice v i b r a t i o n s ,  t h e  H e i s e n b e r g  e x ­
c h a n g e  p a r a m e t e r  J ( R UtTi,Tj)  ge t s  a ve ry  d i f f e r e n t  we igh t  
in (3-0 2 a n d  a - 0 2. T h i s  p a r a m e t e r  is e x t r e m e l y  a n i s o t r o ­
p i c 13,14 a n d ,  t h u s ,  it h a s  a s t r o n g  i n f l u e n c e  o n  the  l i b ron  f r e ­
q u e n c i e s .  U s e  o f  t he  ana ly t ic  r e p r e s e n t a t i o n  o f  J ( R UtTl t Tj) 
f r o m  t h e  ab initio c a l c u l a t i o n s 14 y ie lds  g o o d  a g r e e m e n t  wi th
e x p e r i m e n t ,  b o t h  for  t he  sp l i t t ing  o f  t h e  p e a k s  in a - 0 2 a n d  
for  t h e  r e l a t ive  p o s i t i o n s  o f  t h e s e  p e a k s  wi th  r e spe c t  to the  
p e a k  in (3-0 2 ( see  T a b l e  II).  O m i t t i n g  the  H e i s e n b e r g  e x ­
c h a n g e  t e r m  f r o m  o u r  c a l c u l a t i o n s ,  we  f ind  a m u c h  s m a l l e r  
sp l i t t ing ,  j u s t  as  t h e  ea r l i e r  l a t t i c e - d y n a m i c s  ca l cu l a t ions .  
T h i s  c o n f i r m s  t h e  crucia l  role o f  th i s  t e r m :  it n o t  o n l y  d r i v e s  
t h e  so -ca l l ed  m a g n e t o e l a s t i c  f3-a p h a s e  t r a n s i t i o n ,  b u t  it is 
a l so  r e s p o n s i b l e  for  t h e  a n o m a l o u s  l ib ron  sp l i t t ing  at  this  
t r a n s i t i o n .
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